MiR-34a, an important tumor-suppressing microRNA, is downregulated in several types of cancer; loss of its expression has been linked with unfavorable clinical outcomes in non-small-cell lung cancer (NSCLC), among others. MiR-34a represses several key oncogenic proteins, and a synthetic mimic of miR-34a is currently being tested in a cancer trial. However, little is known about the potential role of miR-34a in regulating DNA damage response and repair. Here, we demonstrate that miR-34a directly binds to the 3' untranslated region of RAD51 and regulates homologous recombination, inhibiting double-strand-break repair in NSCLC cells. We further demonstrate the therapeutic potential of miR-34a delivery in combination with radiotherapy in mouse models of lung cancer. Collectively, our results suggest that administration of miR-34a in combination with radiotherapy may represent a novel strategy for treating NSCLC.
Introduction
The cellular DNA damage response (DDR) maintains genomic integrity by modulating various signaling pathways, including those controlling cell cycling, replication bypass mechanisms, and DNA repair. 1 Loss of the normal DDR is common in cancer, and defects in DNA repair are exploited by using DNA-damaging agents such as radiation for anticancer therapy. Radiation induces DNA double-strand breaks (DSBs) that can be efficiently repaired by homologous recombination (HR), which is regulated mainly by RAD51, 2, 3 among other mechanisms such as non-homologous end joining. HR commonly occurs between the S and G 2 phases of the cell cycle. 4 RAD51 is a key player in HR, catalyzing the transfer of the new DNA strand between a broken sequence and its homolog to resynthesize the damaged region. 5 In response to ionizing radiation, RAD51 relocalizes within the nucleus to form distinct foci that depend on BRCA2 and the RAD51 paralogues. 2, 3 This highly orchestrated complex of proteins increases the DNA repair capacity via HR, which leads to resistance to radiotherapy. [6] [7] [8] [9] HR is also regulated by other proteins, including p53 10 and MYC. 11 p53 has been shown to directly interact with RAD51 to regulate the extent and timing of HR. 12 Interestingly, MYC knockdown inhibits RAD51 expression, promoting cell death after treatment with radiation. 11 Recently, several microRNAs (miR-155, miR193b* and miR-148b* were shown to regulate HR via RAD51 downregulation. 9, 13 Another miRNA known to regulate DDR is the p53-regulated miRNA miR-34a.
14,15 miR-34a is one of the most important tumor-suppressing miRNAs in cancer.
miR-34a is downregulated in several types of tumors, and loss of its expression has been linked with unfavorable clinical outcomes in several types of cancers, including non-smallcell lung cancer (NSCLC). 16, 17 Based on this understanding, miR-34a replacement therapy via the liposomal formulation MRX34 (refs. 18,19) is currently being studied in a phase 1 clinical cancer trial. miR-34a has shown to regulate aging and sensitivity to radiotherapy in different models. 15, [20] [21] [22] [23] However, the exact mechanism by which miR-34a regulates DNA repair is largely unknown. In this study, we showed that miR34a regulates RAD51 by directly binding to its 3' untranslated region (UTR), controlling HR and promoting radiosensitivity in NSCLC cells. We further demonstrated that MRX34 plus radiotherapy effectively inhibits tumor growth in lung cancer mouse models, findings that highlight the potential of this approach as a viable clinical strategy to combat NSCLC.
Results

MiR-34a overexpression suppressed DNA repair after irradiation
Previous studies have shown that miR-34a modulates radiosensitivity in vitro. [20] [21] [22] [23] [24] Here, we investigate the effect of miR34a overexpression on DNA repair. We confirmed the effect of miR-34a on radioresistance in NSCLC cell lines in vitro as follows. Firstly, we assessed the endogenous expression of miR-34a in 20 NSCLC cell lines in order to select best suitable models for our in vitro studies (Supplementary Figure S1) . We selected NSCLC cell lines with low expression of miR34a (A549, H1299, H460, and Calu6) and one NSCLC with higher expression of miR-34a (H1944). We transiently transfected A549 and H1299 cells with miR-34a or scrambled control miRNA mimics and analyzed clonogenic survival. Cells were plated 48 hours after transfection and treated with 2, 4, or 6 Gy of radiation. A549 and H1299 cells transfected with miR-34a were significantly more sensitive to the cytotoxic effects of radiotherapy than were cells transfected with a scrambled control (Figure 1a,b) . The sensitizing enhancement ratios (SER) for miR-34a were 1.6 in A549 cells and 1.5 in H1299 cells. Next, we investigated the effect of miR-34a on radiation-induced DNA DSBs and the kinetics of DNA repair. We detected a significantly higher number of γ-H2AX foci (indicative of DSBs) in A549 and H1299 cells overexpressing miR-34a 1 and 8 hours after exposure to 4 Gy of radiation than in cells with scrambled control (Figure 1c-f) .
MiR-34a regulates several DNA repair and related proteins, including RAD51 We next investigated the mechanisms by which miR-34a modulates DNA damage and repair pathways in lung cancer cells. To do this, we transiently overexpressed miR-34a in A549 and H1299 cells and analyzed the expression of DNA damage and repair genes by using a custom 384-well panel quantitative polymerase chain reaction (qPCR) plate (58 genes). We found that miR-34a overexpression promoted the downregulation of RAD51, UBC, BARD1, UBA52, ATF1, CCNA2, USP1, FANCD2 USP1, ATF1, BARD1 mRNA and the upregulation of p53 (in A549 cells), RANBP2, MRE11A, RELA, RELB, NFKBIB, POLR2D, AKT1, NFKB1 and CCND1 mRNA (Figure 2a) . In a next step, we investigated whether miR-34-induced gene expression could also be observed in 532 patients with NSCLC from The Cancer Genome Atlas data set. We confirmed that miR-34a expression was inversely correlated with RAD51, USP1, ATF1, BARD1 and CCNA2 genes (Figure 2b and Supplementary Figure S2) . We next searched for binding sites in the 3' UTRs of the genes downregulated by miR-34a identified in Figure 2a . Our search revealed that the 3' UTRs of RAD51 contain binding sites specific for miR-34a. The miR-34-mediated regulation of RAD51 was further confirmed by western blot analysis, which showed downregulation of this gene in A549, H1299, H460, and Calu6 cells, after miR-34a enforced overexpression (Figure 2c,d) , and upregulation of RAD51 in H1944 cells after depletion of miR-34a (Figure 2e,f) .
RAD51 is a direct target of miR-34a
To determine whether miR-34a interacts directly with the putative target gene RAD51, we cotransfected H1299 cells with miR-34a mimics and a reporter vector encoding the luciferase gene that was fused to the 3' UTR of RAD51. Luciferase activity was reduced in cells transfected with miR-34a and the RAD51 3' UTR luciferase construct compared with the scrambled control. Mutation of the miR-34a interaction site rescued the luciferase activity, thus confirming that miR-34a directly interacts with the RAD51 3´ UTR (Figure 2g,h ).
MiR-34a is a negative regulator of HR and RAD51 foci formation Next, we tested the effect of miR-34a overexpression on HR in HeLa-DR-13-9 cells, a model for studying HR in vitro. 25 HeLa-DR-13-9 cells were transfected twice on different days with scrambled and miR-34a mimics. On day 6 after transfection, cells were collected and analyzed by flow cytometry. We found that miR-34a overexpression significantly reduced the HR process by 59% (Figure 3a) . Accordingly, a fluorescent immunoassay revealed a reduction in radiation-induced RAD51 foci formation in A549 cells transfected with miR-34a compared with controls ( Figure 3b ). As previously shown in Figure 1 , overexpression of miR-34a sensitized the cells to radiation, as measured by clonogenic survival assays. We confirmed that reintroduction of the RAD51 ORF could rescue this phenotype (Figure 3c ).
MiR-34a therapeutic delivery sensitizes lung tumors to radiotherapy Our findings thus far suggest that miR-34 augments γ-H2AX foci and inhibits HR and RAD51 foci formation and can enhance the effects of radiation. To explore whether this phenotype can be exploited therapeutically, we examined the effect of miR-34a on radiosensitivity in two mouse models of human lung cancer.
To do so, we administered MRX34, a liposomal nanoparticle loaded with miR-34a mimics, 18 in combination with fractionated irradiation to xenograft tumors in mice. Intramuscular tumors were created by inoculating 1 × 10 6 H460 or H1299 cells into the right leg of each mouse. When the tumors reached 8 mm in diameter, the mice were randomly assigned to one of four Tables 1 and 2) . Tumors collected 24 hours after the last MRX34 dose exhibited approximately 20-30 times higher miR-34a levels than did controls (Figure 4c,d) . Interestingly, mRNA and protein levels of RAD51 were markedly reduced in H460 and H1299 tumors treated with MRX34 compared with controls (Figure 4h) . In summary, these results indicate that the therapeutic delivery of miR-34a led to repression of RAD51 in lung tumors and consequently enhanced the effects of radiation on tumor growth inhibition.
Discussion
In this study, we assessed the role of miR-34a in DNA damage and repair pathways and the potential application of therapeutic delivery of miR-34a-loaded liposomes (MRX34), currently being tested in a phase 1 clinical trial, in combination with radiotherapy in mouse lung cancer models. Previous studies have shown that miR-34a overexpression sensitized NSCLC cells to radiation. 21, 23 We confirmed that miR-34a modulates radiosensitivity in NSCLC cell lines by using clonogenic assays. Although one study demonstrated that ectopic expression of miR-34a enhances radiosensitivity and promote apoptosis by suppressing the LyGDI pathway in NSCLC cells, 20 and others showed that miR-34a regulates DDR pathways, little is known regarding its role in DNA repair signaling. Therefore, we aimed to investigate the effect of miR-34a overexpression on DNA repair in NSCLC cells.
To do this, we tested if miR-34a modulates radiation-induced DSBs. In agreement with findings from our clonogenic assays, we found that the number of γ-H2AX foci in NSCLC cells overexpressing miR-34a was significantly higher than that in cells with scrambled control. These results indicate that miR-34a overexpression suppressed DNA repair after irradiation. We then investigated the potential mechanisms by which miR-34a regulates DNA repair. We profiled 59 genes from the DDR and repair pathways after enforced overexpression of miR-34a in NSCLC cell lines. We were able to confirm previously identified miR-34a targets and to discover new genes that may be regulated by miR-34a. We found that miR-34a overexpression downregulated several DNA damage and repair genes, including RAD51. We validated these results by analyzing patients with NSCLC from the The Cancer Genome Atlas data set. Accordingly, we found that miR-34a expression was inversely correlated with RAD51 and that miR-34a downregulated RAD51 protein expression in NSCLC cells via western blotting. We next identified RAD51 as a direct target of miR-34a. Our findings suggest that miR-34a modulates radiosensitivity via direct regulation of RAD51, among other mechanisms suggested by previous studies. 15, [20] [21] [22] [23] In support of our observations, others have shown that overexpression of RAD51, which has a key role in HR, promotes resistance to radiation. 26, 27 We further examined the effect of miR-34a delivery, in combination with radiotherapy, on xenografted H460 and H1299 cell tumors in mouse models of lung cancer. We tested the liposomal nanoparticle MRX34, 18 which contains a synthetic double-stranded mimic of the tumor suppressor miRNA miR-34a and is being tested in a phase 1 clinical trial. In both models, miR-34a delivery via MRX34 treatment promoted significant tumor growth delay compared with control. These findings suggest that delivery of miR34a, in combination with radiotherapy, has potential as a therapeutic approach. In accordance with our previous in vitro findings, RAD51 mRNA and protein levels were downregulated in the mice treated with MRX34 compared with control. These findings suggest that miR-34a can overcome resistance to radiation by regulating RAD51 in lung cancer models. Because cancer cells with deficiencies in HR are sensitive to radiation, inhibition of HR via RAD51 represents a potential target for combined therapies.
In conclusion, we identified several DDR and repair proteins regulated by miR-34a, including RAD51. We demonstrated that miR-34a directly binds to RAD51 3' UTR and regulates HR, inhibiting DBSs repair in NSCLC cells. We further demonstrated the therapeutic potential of miR-34a delivery via MRX34 treatment in combination with RT in lung cancer in vivo models. Collectively, our results suggest that miR-34a, in combination with radiotherapy, may represent a novel approach for the treatment of NSCLC.
Materials and methods
Cell lines and irradiation.
The established lung cancer cell lines A549, H460, H1299, Calu6, and H1944 were obtained from the American Type Culture Collection (Manassas, VA) 
PCR array analysis of genes involved in DNA damage and repair-induced responses.
Total RNA was isolated from A549 and H1299 cells transfected with miR-34a or scrambled control with Triazol (Life Technologies, Carlsbad, CA) according to the manufacturer's protocol. RNA quality and quantity were assessed with a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA). Next, mRNA was reverse-transcribed by using a Superscript III kit (Life Technologies), diluted 1:5 with nuclease-free water, and loaded into a custom 384-well PCR plate with a panel of DNA Damage Induced Responses genes ( Supplementary Table S2 ) (Biorad, Hercules, CA) according to the manufacturer's protocol. Reactions were run in a CFX96 Touch Real-Time PCR Detection System with SYBR Green (Life Technologies). Gene expression was analyzed with CFX Manager software (Biorad). The List of the 58 DNA damage and repair genes analyzed using a custom 384-well PCR array is described in Supplementary Table S1 .
Clonogenic survival assay. NSCLC cells transfected with miR34a or their respective controls for 48 hours were seeded in triplicate in 60-mm dishes and incubated overnight at 37 °C in a humidified chamber containing 5% CO 2 . The next day, the cells were irradiated using 0, 2, 4, or 6 Gray units (Gy), counted, seeded in 60-mm dishes, and incubated for 12 days to allow macroscopic colony formation. Cells were fixed and stained for 5 minutes with 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO) in methanol. Colonies containing more than 50 viable cells formed in each treatment group were counted. Survival was calculated relative to that of unirradiated cells by using the formula survival = (plating efficiency of treated cells)/(plating efficiency of control cells) where plating efficiency = (number of colonies formed by treated cells)/(number of colonies formed by untreated cells).
Detection of γ-H2AX
foci. For this assay, 200,000 cells were plated on coverslips, placed in 35-mm dishes, and allowed to attach overnight. Cells were then irradiated (4 Gy) 48 hours after transfection with miR-34a, incubated for 4-24 hours, and then fixed with 1% paraformaldehyde for 10 minutes, followed by a 10-minute wash in 70% ethanol at room temperature. Cells were then treated with 0.1% NP40 in phosphate-buffered saline (PBS) for 20 minutes, washed in PBS four times, and then blocked with 5% bovine serum albumin in PBS for 30 minutes. The cells were then incubated with anti-γ-H2AX and RAD51 antibody (Millipore, Billerica, MA) in 5% bovine serum albumin in PBS overnight. The next day, the cells were incubated with fluorescein-isothiocyanate-labeled secondary antibody at a dilution of 1:300 in 5% bovine serum albumin in PBS for 30 minutes. Then, cells were incubated in the dark with 4 4′,6-diamidino-2-phenylindole dihydrochloride (1 mg/ml) in PBS for 5 minutes, and coverslips were mounted on a slide with an antifade solution (Molecular Probes; Invitrogen, Waltham, MA). Slides were examined with a fluorescence microscope (Leica, Buffalo Grove, IL), and images were captured by a charge-coupled device camera and imported into the Advanced Spot Image analysis software package. For each treatment condition, the numbers of γ-H2AX foci were determined in at least 50 cells.
Identifying potential microRNA targets. Potential miR-34a targets were identified by using the target prediction databases miRNA body map (http://www.mirnabodymap.org/; Ghent University, Belgium) 28 and miRwalk. 29 These databases compare predicted targets from mirBase release 14, TargetScan Quantitative polymerase chain reaction. Total RNA was isolated from cells with Triazol (Life Technologies) for miRNA analysis according to the manufacturer's protocol. To analyze expression of mature microRNA, total RNA was reversetranscribed with miRNA-specific primers using a TaqMan MicroRNA Reverse Transcription kit (Life Technologies), followed by qPCR with Taqman MicroRNA assays according to the manufacturer's protocol. For studies of RAD51 expression, mRNA was reverse-transcribed using a Superscript III kit (Life Technologies) and analyzed by qPCR using SYBR Green (Life Technologies) with specific primers (Supplementary Table S2 ) according to the manufacturer's protocol. The comparative C t method was used to calculate the relative abundance of miRNA and mRNAs compared with U6 and ACTB expression, respectively.
Protein extraction and western blot analysis. Total protein was extracted and resolved on denaturing gels as previously described. 30 Membranes were probed with the following antibodies: primary antibodies, anti-RAD51, anti-GAPDH (Cell Signaling Technologies, Beverly, MA), anti-actin, anti-vinculin (Sigma, St. Louis, MO), and secondary antibody labeled by horseradish peroxidase (Amersham GE Healthcare, Cleveland, OH). The secondary antibody was visualized by using a chemiluminescent reagent Pierce ECL kit (Thermo Fisher Scientific, Waltham, MA).
Luciferase assay. H1299 cells were plated in 96-well dishes at 4 × 10 4 cells/well. Cells were transfected with miR-34a or scrambled constructs (100 nmol/l) with RAD51 3′ UTR constructs (wild-type or mutant) purchased from SwitchGear Genomics (Carlsbad, CA); at 48 hours after transfection, cells were incubated for 30 minutes with 100 μl/well of LightSwitch Luciferase Assay Reagent (SwitchGear Genomics, Carlsbad, CA). Firefly luciferase activity was measured sequentially by using luciferase assays (SwitchGear Genomics) with a Fluostar Optima plate reader (BMG Lab Technologies GmbH, Durham, NC). Three independent experiments were performed, and values are shown as means ± standard error of the mean.
In vivo tumor model and administration of MRX34. The mice used in this study were bred and maintained in our own institutional specific pathogen-free mouse colony. Male nude (nu/ nu) mice were used for H1299 and H460 xenograft studies. Cesium device (dose rate 4 Gy/min) as previously described. 30 For the growth-control assays, mice were euthanized when tumors reached 14-15 mm in diameter. Tumor growth delay was defined as the time for tumors to grow from 8 to 12 mm in diameter for treated mice as compared with tumor growth in untreated mice.
Biodistribution of MRX34. Twenty-four hours after the eighth injection of MRX34, two mice per group were euthanized and tumor was harvested for total RNA extraction and subsequent evaluation of tissue miR-34a levels. miRNAs were detected by isolating and analyzing total RNA from flash-frozen mouse tissues as previously described. 30 Immunohistochemical analysis of RAD51. Formalin-fixed samples were routinely processed in an automatic tissue processor, embedded in paraffin (Peloris, Leica, Vista, CA), and sectioned at 4-μm thickness. Immunohistochemical staining was done with an automated staining system (Leica Bond Max, Leica Microsystems, Vista, CA). Briefly, slides were deparaffinized and hydrated, and antigen was retrieved by incubating in citrate buffer, pH 6.0, for 1 hour with RAD51 (Abcam, Cambridge, UK #ab213, dilution 1:25).
Analysis of DNA damage and repair mRNAs and miR-34a levels in patients from
The Cancer Genome Atlas (TCGA). mRNA and microRNA expression levels for 532 NSCLC patients included in the TCGA cohort can be obtained from the TCGA portal (https://tcga-data.nci.nih.gov/tcga/dataAccessMatrix. htm). RNA-Seq and miRNA data for these tumors were downloaded directly from the same source and used for subsequent analyses. For NSCLC samples included in the TCGA cohort, experimental procedures regarding RNA extraction from tumors, mRNA library preparation, sequencing (on the Illumina HiSeq platform), miRNA-Seq, quality control, and subsequent data processing for quantification of gene expression have been previously reported. 31 Statistical analyses were conducted using the R system for statistical computing and Spearman correlation. All reported P values are two-tailed and for all analyses; P ≤ 0.05 is considered statistically significant.
Statistical analysis. Statistical comparisons were done with Student's t-tests. P values <0.05 were considered to represent statistically significant differences. All statistical analyses and graphing were done with Graph Pad (GraphPad Prism, La Jolla, CA) and Excel (Microsoft, Redmond, WA). Enhancement in radiosensitization was calculated for all clonogenic assays based on the Linear-Quadratic (L-Q) model for biological effect. 32 The coefficients of determination (R 2 ) calculated for each L-Q fitted curve were always better than 0.996. From the L-Q curves obtained for control or drug-treated samples, the classic radiosensitization enhancement factor was calculated as the ratio of radiation doses required to reduce the surviving populations to 10%. OriginLab version 8.1 (OriginLab, Northampton, MA) was used for mathematical calculations. Figure S1 . Endogenous levels of miR-34a in non-small cell lung cancer lines (NSCLC). Figure S2 . Correlation of miR-34a expression and DNA damage and repair genes in 532 patients with NSCLC from The Cancer Genome Atlas data set. Table S1 . List of the 58 DNA damage and repair genes analyzed using a custom 384-well PCR array. Table S2 . Primers designed for gene expression analysis by quantitative polymerase chain reaction.
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